The frequency, duration, and intensity of cold waves are expected to decrease in the near future under the changing climate. However, there is a lack of understanding on future mortality related to cold waves. The present study conducted a large-scale national projection to estimate future mortality attributable to cold waves during 1960-2050 in 209 US cities. Cold waves were defined as two, three, or at least four consecutive days with daily temperature lower than the 5 th percentile of temperatures in each city. The lingering period of a cold wave was defined as the non-cold wave days within seven days following that cold wave period. First, with 168 million residents in 209 US cities during 1962-2006, we fitted over-dispersed Poisson regressions to estimate the immediate and lingering effects of cold waves on mortality and tested if the associations were modified by the duration of cold waves, the intensity of cold waves, and mean winter temperature (MWT). Then we projected future mortality related to cold waves using 20 downscaled climate models. Here we show that the cold waves (both immediate and lingering) were associated with an increased but small risk of mortality. The associations varied substantially across climate regions. The risk increased with the duration and intensity of cold waves but decreased with MWT. The projected mortality related to cold waves would decrease from 1960 to 2050. Such a decrease, however, is also small and may not be able to offset the potential increase in heat-related deaths.
Introduction
A number of studies have shown that exposure to temperature extremes is associated with an increased risk of mortality (Bobb and others 2014b; Gasparrini and others 2015; Kinney and others 2015; Medina-Ramon and Schwartz 2007; Nordio and others 2015; Peng and others 2011) . Under the changing climate, the characteristics of extreme weather events have changed substantially during the past several decades, with an increase in the frequency, duration, and intensity of heat waves but a decrease in the frequency, duration, and intensity of cold waves (IPCC 2013; Melillo and others 2014; Perkins and others 2012) . Moreover, such a trend is very likely to continue in the future (IPCC 2013) , which would possibly be associated with an increase in heat wave-related mortality but a decrease in cold waverelated mortality in the future. Quantitatively estimating future heat-and cold-related mortality would add evidence to the debate over whether the changing climate would be harmful or beneficial to the public in the future. There have been several studies projecting future mortality related to extremely hot temperature or heat waves (Gosling and others 2009; Hayhoe and others 2010; Huang and others 2011; Jackson and others 2010; Peng and others 2011) . Nevertheless, what remains poorly understood is how many deaths would be attributable to cold waves under future climate scenarios.
A systematic assessment of cold-related mortality in the future requires high-quality epidemiologic estimates. First, mortality related to a cold wave would occur not only during the cold wave period (immediate effect) but also several days after the cold wave (lingering effect) (Anderson and Bell 2009; Braga and others 2001) . To obtain the overall cold-related deaths, we need to estimate both the immediate and lingering effects. However, the epidemiologic estimates for the immediate effect of cold waves differed substantially across studies and there are fewer estimates for the lingering effects (Barnett and others 2012; Gasparrini and others 2015; Medina-Ramon and Schwartz 2007; Rocklov and others 2014; Ryti and others 2016) . Second, evidence on what factors modify the association between cold waves and mortality is limited. A change in the duration and intensity of cold waves may potentially modify the effect of cold waves as well as their lingering effect. In addition, there is evidence suggesting that an increase in mean summer temperature (MST) was associated with a decrease in heat-related deaths, referred to as adaptation (Nordio and others 2015) . But there is little evidence about if cold-related mortality is modified by mean winter temperature (MWT) and how people adapt to cold weather over time. A lack of understanding of these aspects makes it difficult to project future mortality attributable to cold waves.
In the present work, we studied a population of 168 million residents in 209 US cities during 1962-2006. We estimated not only the percent change in daily mortality associated with the immediate and the lingering periods, but also the effect modifications of cold exposure by its duration, intensity, and MWT. With city-specific epidemiologic estimates, we further conducted large-scale projections of cold-related mortality for the 209 US cities during 1960-2050 using 20 climate models and four future emission scenarios.
Methods

Mortality, study domain, and observed temperature data
We obtained death certificates from the National Center for Health Statistics (NCHS) over the periods of 1962-1966 and 1973-2006 . The date of death was not collected by NCHS during 1967 NCHS during -1972 and was excluded from the study. 209 cities in the contiguous US could be matched with daily temperature measurements from monitors with less than 2% missing values (Nordio and others 2015) . Then we aggregated the death certificates into the daily counts of all natural cause deaths.
The 209 cities were grouped into nine climate regions (Karl and Koss 1984) . There were 51 cities in the northeast, 21 in the east north central, 34 in the central, 2 in the west north central, 11 in the northwest, 18 in the west, 13 in the west, 21 in the south, and 38 in the southeast. The only two cities in the west north central region were located near the border between the west north central and the east north central. Hence, we grouped these two cities with the east north central.
Observed daily temperatures were used to identify cold wave days in each city. Cold waves could be defined in a similar way to heat waves. There are potentially many ways to define cold waves in the literature (Anderson and Bell 2009; Anderson and Bell 2011; Bobb and others 2014a; Diaz and others 2015; Tong and others 2014; Xu and others 2016) . We made use of one of the most widely used approach combining a temperature test and a duration test. Cold wave days were defined as consecutive days of daily mean temperature below the 5 th percentile (threshold temperature) of all daily mean temperatures during the period of study in that city. We considered three kinds of cold wave days with different durations: daily temperature below the threshold for two, three, or at least four consecutive days. As a sensitivity analysis, we also used 3 rd percentile of temperatures as the threshold and examined the difference in mortality related to cold waves with different lengths. We also defined the lingering period of a cold wave period as the non-cold wave days within seven days following that cold wave period.
We defined an excess cold factor (ECF), an analogue to the excess heat factor (EHF), to characterize the intensity of a cold wave day (Nairn and Fawcett 2015; Perkins and others 2012) . The basic idea of ECF is to quantify the intensity of a cold wave considering how much colder a day was compared to the minimum criteria for being a cold wave day and how much colder the day was compared to the 30 day trailing average which captures the amount of short-term adaptation to cold that may have occurred prior to the cold wave (Barnett and others 2012) . Formally, we defined the ECF of cold wave day i in city c as min(T c,i −T 5,c , 0)×min(T c,i −(T c,i-1 +T c,i-2 +…+T c,i-30 )/30, −1) °C 2 , where T 5,c was the 5 th percentile of daily mean temperature in city c. min(T c,i −T 5,c , 0) represents how much the daily temperature was below the 5 th percentile, and min(T c,i −(T c,i-1 +T c,i-2 +…+T c,i-30 )/30, −1 °C) shows the deviation of the temperature on day i from the monthly average. On noncold wave days, the ECF was set at zero.
Statistical significance was defined as p values < 0.05. All statistical analyses were conducted in R 3.2.2.
(1)
where Y c,i is the number of daily deaths, CW c,i is an indicator variable for a cold wave day, I(year i = j) is a dummy variable for each year to control for time trend with a referent year Year R , I(DOW i = k) is dummy variables for day of the week with a reference DOW R , and ns(DOY i ; β ns , df = 6) is a natural spline for day of the year with six degrees of freedom to capture seasonality. The adjusted RR of mortality on cold wave days is exp(β c,1 ) in city c. When estimating the lingering effect of cold waves, we also used equation (1) but replaced the cold wave indicator with the indicator for the lingering days which are the non-cold wave days within seven days of a cold wave. For each of the cold wave definitions, we metaanalyzed the city-specific coefficients to obtain the national and regional effects using random-effect models. We conducted several sensitivity analyses to assess the robustness of the epidemiologic estimates. First, instead of controlling for a universal seasonality using one natural spline, we controlled for separate seasonal trends (the natural spline for day of the week) for each decade. Second, we replaced the natural spline with six degrees of freedom with a natural spline with eight degrees of freedom. Third, we obtained cityspecific average summer mortality and regressed it against a linear variable of year. We added to the model an interaction term between the mortality residuals in the previous summer and cold waves in addition to an interaction between cold waves and the spline of MWT. This could test the hypothesis that whether a high mortality rate in the summer would decrease the number of individuals at risk and thus alter the cold wave-related mortality in the next winter.
We tested if the immediate and lingering effects of cold waves were modified by MWT for each year in each city. The MWT was modeled using a piece-wise linear spline with a knot at the average of the MWT in each city. We also tested if the effect of cold wave was modified by the intensity, ECF.
Risk assessment
The risk assessment aimed to project the mortality related to cold waves during 1960-2050 using the city-specific epidemiologic estimates and temperature projections from climate models. Temperature projections were obtained from 20 downscaled (0.125°) Bias-Correction Constructed Analog Version 2 (BCCAv2) Coupled Model Intercomparison Project Phase 5 (CMIP5) multi-model dataset. The CMIP5 simulations use a new set of emission scenarios, Representative Concentration Pathways (RCPs), based on radiative forcing trajectories. One historical and four future RCPs (2.6, 4.5, 6.0, and 8.5) were used. The city-specific daily temperatures were obtained by matching each city to its nearest grid cell in CMIP5. We defined cold wave days during 1960-2050 using the same definitions for each city we used in our epidemiologic analyses. We accounted for the change in RR with Wang et al.
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We estimated an average baseline mortality for city c on non-cold wave days (BM c, non-cw ) and on non-lingering days (BM c, non-linger ) using the epidemiologic models for each cold wave definition. The interpretation of the projected mortality represents the mortality attributable to cold waves which are two to at least four consecutive days of days with daily temperatures below the threshold temperature in that city. Then the attributable mortality for the immediate and lingering effects of cold wave days was the additional mortality had that day been not a cold wave day or a lingering day. The mortality attributable to the immediate effect of cold waves was hence estimated by BM c, non-cw (RR c, cold wave -1); and the daily mortality attributable to lingering periods was BM c, non-non-linger (RR c, lingering -1). To focus on the change in future cold wave events and RR, we assumed no change in demography or baseline mortality rate. This ensures that the change in projected mortality would be more interpretable and not be intertwined with changes in other factors.
Results
On average, there were 4.4 cold wave periods in each city each year. Figure 1 shows the distribution of the length of cold wave periods. Two-day cold wave periods represent 45% of all cold waves, three-day cold wave periods represent 22%, and four-day cold wave periods represent 12%. Cold waves with longer durations represented less than 10% each. The number of cold wave days decreased from the 1960s to the 2000s (Figure 2 The percent change in mortality associated with the immediate effect of cold waves increased with the duration of cold waves nationally (Figure 3 panel a) . The immediate effect of two-day cold waves on mortality was close to the null, whereas the three-day or at least four-day cold waves were significantly associated with an increased risk of mortality. Cold waves had a smaller effect when MWT was at the 80 th percentile compared to the 20 th percentile (Figure 3 panel b ), suggesting there was an interaction between cold waves and MWT. We obtained a consistent trend if we used the 3 rd percentile as the temperature cutoff ( Figure 4 ). The result is also robust to further adjustment of seasonality using separate natural splines for each decade ( Figure 5 ) or changing the degrees of freedom of the spline for seasonality from six to eight ( Figure 6 ). The effect of cold waves was also significantly modified by their intensities (Figure 7) . For a three-day or longer cold wave, an increase in ECF was associated with an additional increase in mortality. Cold waves of all durations had lingering effects. Longer cold waves were associated with a slightly higher lingering effect (Figure 8 panel a) . There was also an interaction between the lingering periods and MWT: larger lingering effects were found in years with lower MWT (Figure 8 panel b ). After adding interaction between cold waves and a spline of MWT, the interaction between mortality in the previous summer and cold waves in the next winter was not statistically significant.
In regional analyses, two-day cold waves were not significantly associated with a change in mortality in any of the eight regions (Figure 9 panel a) . Three-day cold waves were associated with a significantly increased risk of death in the northeast and the southeast (Figure 9 panel b) . Cold waves with a duration of at least four days were associated with a statistically significantly increased risk of death in the northeast, south, central, and southeast (Figure 9 panel c) . By comparison, the lingering effects were statistically significant for almost all regions and durations of cold waves ( Figure 10 ). The lingering effects in most regions were larger than the immediate effect of cold waves.
The projected mortality during 1960-2050 associated with the immediate and lingering effects of cold waves are presented in Figure 11 . Under the four future RCP scenarios, the mortality attributable to the effect of cold waves, their lingering effect, and the overall effect are expected to decrease over time. The mortality attributable to the lingering periods are higher than the immediate mortality. There were small differences between low and high emission scenarios by 2050. In the regional projections, decreasing trends of cold-related deaths were found in the northeast, central, east north central, south, and southeast ( Figure  12) . The west showed a decreasing trend in mortality after 2000.
In the sensitivity analysis, we compared the projected mortality using historically observed temperature and climate models. The climate models overestimated the attributable mortality ( Figure 13 ).
Discussions
With a population of 168 million people in 209 US cities, we found that the immediate and lingering effects of cold waves were associated with an increase in mortality among the US urban population, and longer cold waves had higher impact. The immediate effect of cold waves is, however, small. The mortality related to the lingering periods of cold waves was much larger. Projections using a rich set of climate models suggested that future mortality associated with the immediate and lingering effect of cold waves would decrease over time.
The decrease, however, was small.
Although there have been some studies suggesting a warming climate would bring limited benefit to reduce mortality in winters (Kinney and others 2015; Staddon and others 2014), very few studies provided a quantitative assessment of future cold-related mortality or largescale mortality projections. In the present study, we show that the decrease in yearly mortality by 2050 associated with the immediate effects was only around 500 across 209 cities. The decrease in yearly mortality due to the lingering effects within seven days of cold waves was only around 1000. Although a warming climate would potentially decrease the number of extreme cold events, the health benefit would not be substantial.
The projected mortality when the MWT was ignored was close to the mortality when the MWT was considered. This suggests that the decrease in mortality would mostly be contributed by the decrease in the number of cold waves instead of the decrease in RR as MWT increased. Consistent with the larger lingering effect, we found more attributable mortality would be associated with the lingering periods in the future than with the cold wave periods. This is also consistent with a previous study which showed that more coldrelated mortality occurred on moderately cold periods than the extremely cold days (Gasparrini and others 2015) . One caveat is that we chose seven days as a representative duration of lingering period. The larger attributable mortality to the lingering effect is a combination of the larger relative risk on lingering days and the larger number of lingering days. Although the lingering effect may exceed seven days, we may not be able to further increase in the length of lingering period in the present study. There were 4.4 cold wave periods each year in each city corresponding to approximately a month of lingering days. We could not distinguish lingering effects from seasonality if we further increase the number of days for each lingering period. This was also suggested by the results of Kinney et al. (2015) (Kinney and others 2015) . Moreover, some studies suggested that the lingering effect of cold exposure is the largest within the ten days using distributed lag models (Analitis and others 2008; Armstrong 2006) . In our study, the total of a typical cold wave which lasted for two to four days and a lingering period of seven days was nine to eleven days, which is comparable to the period with the largest cold-related effects. Hence, we think that seven days is a reasonable representative of lingering period. After adding the interaction between MWT and cold waves, there was not statistically significant interaction between the mortality anomaly from the previous summer and cold waves.
The estimates for the cold wave effect in existing literatures are inconsistent across studies.
Our results suggested that the percent increase in mortality on cold wave days ranged from approximately the null (two-day) to 2.1%. By comparison, a previous study in the US reported a 1.59% increase in mortality during cold waves (Medina-Ramon and Schwartz 2007) . A meta-analysis including studies from Netherlands, Yatutsk, and China reported a much larger, 10%, increase in mortality (Ryti and others 2016) . Such a difference would be explained by the climate, adaptation, and socioeconomic status of each country which future studies could look into.
Heat waves were associated with a larger increase in mortality than cold waves. For example, a study of 50 US cities reported a 5.9% increase in mortality on heat wave days (Medina-Ramon and Schwartz 2007) . Another study in Chicago reported a 7.8% increase (Peng and others 2011) . A study in 107 US communities reported a 3.0% increase (Anderson and Bell 2009) . Again, compared with the small health benefit from a decrease in the number of cold wave events, future mortality associated with heat waves would be a bigger concern if there is no proper adaptation to heat or adaptation has already reached its limit.
We found that the immediate effect of cold waves increased with its duration and that the lingering effects of cold waves were larger than the cold waves themselves. The percent change in mortality for a two-day cold wave was close to the null whereas the mortality increased by 1.7% during the lingering periods. A long cold wave had a larger lingering effect compared to a short cold wave. The difference, however, is small. That is, a short cold wave still has large lingering effect. As cold waves become longer, their effects get closer to the lingering effects. One possible reason is that a cold wave day in the later phase of a long cold wave period posed a combination of the immediate effect of cold wave and the lingering effect of the cold wave days in early phase. This result may be explained by the longer-lasting and delayed effect of cold waves (Anderson and Bell 2009; Braga and others 2001) . The projected mortality showed a similar pattern: the attributable deaths to the lingering periods of cold waves were higher than the deaths related to the immediate effect of cold waves.
A cold wave also had higher effect if that cold wave was more intense. The intensity was measured by the ECF in this study. The ECF takes into account not only how much the daily temperature exceeded the threshold temperature. It also combined information about how much the daily temperature exceeded the moving average in the previous 30 days, which is related to short-term acclimatization including behavioral changes and physical adaptation (Anderson and Bell 2009) . We also observed the interactions of MWT with cold wave periods. Warm winters had a smaller effect of cold waves. By comparison, heat waves had a lower effect on mortality as MST increased (Nordio and others 2015) . In addition, the lingering effect was also modified by MWT. A cold wave in warmer winters had not only a smaller effect itself but also a smaller lingering effect. So such a pattern is different from how people get adapted to heat exposure over time. In contrast, a previous study for 99 US cities showed a statistically insignificant change in mortality on cold wave days and suggested that more intense or longer cold waves were not more dangerous (Barnett and others 2012). One possible explanation for the discrepancy between two studies is that we used more cities and we used more than 40 years of data to estimate the associations.
After grouping the 209 cities into climate regions, we found a substantial spatial heterogeneity for the cold-related effect and projected mortality across climate regions. The effect of cold waves was mostly observed in the northeast, south, central, and southeast which are generally the eastern part of the country. The lingering effect, by comparison, was observed in each of the climate regions. The highest effect of cold wave and the highest lingering effect were found in the southeast, whereas they were generally weak in the southwest. So the spatial contrast shows a different pattern from the within-city temporal trend where warm winters have a smaller effect. The spatial pattern may be explained by a combination of the severity of cold waves and adaptation. However, the present study did not measure each of the adaptation strategies and it would be difficult to determine which strategy would be the most relevant. The projected mortality showed that the northeast, central, east north central, south, southeast, and west would benefit from a decrease in cold wave occurrences. The northwest and southwest had little changes. The implication is that future policies regarding reducing cold-related deaths need to be regional.
We acknowledge that the present study has limitations. First, we have observed that the climate models may overestimate the attributable mortality under historical scenario of the climate model (Figure 8) , which might be a result from the biasedness of the climate models. Similar bias may occur under all four RCP scenarios. Although recent studies have found that the downscaled climate models well simulate the observed means in each grid cells, it is difficult for the current models to simulate the extremes (Guentchev and others 2016; Keellings 2016) . For example, Guentchev et al. (2016) studied the performance of the BCCA downscaled climate models in Washington D.C. area and found that there is an underestimation of the number of days with extremely high daily maximum temperature (> 35 degree C) whereas the number of days with daily maximum temperature greater than 30 degree C was less biased in summer seasons (Guentchev and others 2016) . Keellings (2016) studied the southeastern US and found that there is an underestimation of the frequency of days with daily maximum temperature greater than 30 degree C (Keellings 2016) . Future research using less biased downscaled climate models that are able to better capture the occurrence of extreme temperatures would help address this issue. Although the absolute values of mortality may also be biased as a result, the temporal trend of mortality would be useful information about how mortality would change over time in the future. Second, the mortality data were only collected for the 209 cities and rural residents were underrepresented. Future studies using a general population and a spatially-resolved temperature dataset would make the epidemiologic estimate more generalizable and provide information for larger-scale projections. Third, the projections isolated the attention to future mortality related to changes in cold waves and cold seasons and ignored other factors such as population and age structure. Hence, the absolute value of the projected mortality is not an exact estimate for future cold wave-related mortality. The projections reflected what would happen in the future had the climate changed, holding other factors constant. This issue could be addressed in future studies by taking other factors such as demographic changes into account.
Conclusions
We estimated the cold-related mortality using a population of 168 million residents in 209 US cities and projected the mortality in 1960-2050. Although cold waves and their lingering periods were associated with increased risk of mortality, the effect estimates and the decrease in projected mortality over time were generally small. The effect of cold waves and the lingering effect were modified by the intensity of cold waves and MWT. We have also observed a substantial spatial heterogeneity in the relative risk and projected mortality. These findings will provide information for better-coordinated responses to the impact of climate change on public health.
Highlights
•
We provided large-scale quantitative projections on future cold-related mortality in the US.
• Cold waves, both its immediate and lingering effects, are related to an increased risk of mortality and were modified by the duration and intensity of cold waves and mean winter temperature.
• Future mortality related to cold waves is expected to decrease, but the reductions are small and may not be able to offset the potential increase in heat-related deaths.
The substantial spatial heterogeneity in the excess risk related to cold waves and the projected mortality suggested that the public health policies to reduce cold-related mortality need to be regional. Projected mortality in 209 US cities during 1960-2050 under historical, RCP 2.6, 4.5, 6.0, and 8.5. Panels (a) (b) (c) represent the projected mortality during cold waves, lingering periods of cold waves, and overall cold-related mortality. Panels labeled 1 did not consider an interaction between MWT and cold waves or lingering periods, whereas panels labeled 2 included such a term.
Figure 13.
Projected cold-related mortality (cold waves + lingering) using historical temperature predictions from climate models (red) and using observed temperature (blue).
